Introduction
[2] The National Science Foundation has recently selected a radar-based system as their first nanosatellite. The satellite mission is Radio Aurora Explorer (RAX) and is a CubeSat-based ( [Nason et al., 2002] 9-16 March) groundto-space bistatic radar experiment. It will be a collaborative effort of SRI International and the University of Michigan [Moretto, 2008] . The idea is to use a ground-based radar to illuminate the auroral electrojet and to receive the scattered signal with a simple dipole antenna on the satellite. The primary transmitting system is the 2 MW, 450 MHz, phased-array Poker Flat Incoherent Scatter Radar (PFISR). Figure 1 is an illustration of the experiment.
[3] The ground-to-space bistatic geometry enables high horizontal and altitudinal resolution measurements of the auroral field-aligned irregularities (FAI), which has not been possible from the ground due to the difficulty associated with the magnetic field lines being nearly vertical. The high resolution is achieved through two factors: (1) the radar illuminating the irregularities has a narrow beam width, which is typical of all incoherent scatter radars (ISR), and (2) the radar-to-irregularity distance is short because the radar can be pointed at high elevation angles (as opposed to a monostatic radar pointed at very low elevation to meet the perpendicularity condition). Furthermore, PFISR will make incoherent scatter measurements of the electric field and the electron density in the same scattering volume, simultaneously characterizing the conditions that give rise to FAI.
[4] In this letter, we present radar sensitivity calculations for the RAX mission based on previous observations of absolute radar backscatter coefficients and in situ rocket spectra in the auroral E region. First, we estimate RAX signal-to-noise ratios (SNR) based on previous radar-based measurements of absolute volume scattering coefficients. Second, we formulate the volume scattering coefficient from an irregularity k spectrum and estimate RAX SNR based on previous in situ rocket measurements of k spectra. Third, we compare the radar-and rocket-based estimates. We finally discuss the implications of the results for the RAX mission.
Sensitivity Based on UHF Radar Backscatter Observations
[5] The radar equation for the power at the satellite receiver input is
ð1Þ where P t is the transmitted power, L is the system loss, G t (G r ) is the transmitting (receiving) antenna gain, R 1 (R 2 ) is the distance between the transmitter (receiver) and the irregularities, V s is the scattering volume, s v is the effective volume scattering coefficient per unit volume (to be formally defined below), and l is the radar wavelength. Assuming beam-filled scatter for %1°PFISR beam width, the radar equation simplifies as the RHS where Dt is the radar pulse length. Figure 2 shows a schematic of the scattering geometry.
[6] Table 1 shows the radar parameters for RAX and, for comparison, the Homer UHF radar system [Chestnut et al., 1968] . The received power is based on the expression which was derived by Moorcroft [1987] based on a set of E region VHF-UHF radar absolute power measurements at a set of radar wave numbers k. Note that we multiplied the original expression for s v max (k) by 4p so that the definition of the radar scattering cross section is consistent with the radar equation (1). This empirical formula is for the upper boundary (highest SNR) of a statistical set of coefficients gathered for each k. Figure 3 shows the distribution of receiver power based on two separate time windows of Homer radar measurements. The bottom axis is shifted to interpret the data for RAX. The RAX noise power corresponds to a noise temperature of 400 K for a system looking toward the Earth [Baron et al., 1976] . For the PFISR-RAX geometry where the angle between the incident and scattered radar waves is 90°(see Figure 2) , the Bragg wave number is ffiffi ffi 2 p times the radar wave number (Bragg wavelength = 0.47 m), and the length of scattering along the incident radar beam is given by cDt, as opposed to cDt/2.
[7] In calculating s v , Moorcroft [1987] assumed that the vertical thickness of the scattering layer is 10 km, which for Homer's 800 km range means that scattering comes from between the aspect angles ±0.36°. This range, which is comparable to the PFISR beam width, justifies the beamfilled scattering assumption we have just made for PFISR.
[8] A further note is that there may be polarizationdependent signal loss. Although the incident PFISR beam is circularly polarized, the eccentricity of the scattered waves depends on the scattering angle. A polarization eccentricity plot (not shown here) for the satellite zone of scattering shows the scattering to be between elliptical to linear (eccentricity between 0.8-1.0). In the case of 90°s cattering angle, the scattered waves are linearly polarized, which means half of the scattered power is lost. Note that Table 1 does not include polarization-related losses, which will depend on the scattering geometry and the polarization of the receiving antenna.
Sensitivity Based on In Situ Rocket Spectra

Volume Scattering Formalism
[9] To compute the volume scattering coefficient h from rocket in situ power spectrum measurements, we follow the technique pioneered by Woodman and Basu [1978] , developed further by Hysell et al. [1994] , and tested by Franz et al. [1999] . Defining hjdn(k)j 2 i as the three-dimensional power spectrum, the volume scattering coefficient is obtained as
where r e = 2.8 Â 10 À15 m is the classical electron radius. Here hjdn(k ? )j 2 i is the mean square of broadband electron density fluctuations. Considering that Moorcroft's empirical power law form in (2) is that of an isotropic twodimensional spectrum (on the plane perpendicular to B), its normalized form (see equation (6) for a scale k 0 = 1 m
À1
. This scale is introduced to make the unit independent of the power law exponent. This function is plotted in Figure 4 .
[12] Woodman and Basu [1978] integrate equation (4) in volume to obtain the total scattering cross section for perpendicular scattering as
where A ? is the area of the zero-aspect angle intersection of the radar scattering volume with the B ? plane, and R is the range to the target. Note that there is neither k k dependence in the above formula nor a dependence on the aspect sensitivity of the irregularities. This result comes from the choice of aspect dependence given by d(k k ). Then, equation (8) approximately holds if the radar beam width is larger than or comparable to the irregularity aspect width (%1°), and we assume this is the case here, at least for electric fields <40 mV/m. In the presence of stronger electric fields, the irregularity spectrum is expected to widen in aspect angle, being broader than the radar beam width.
The treatment of such cases will require beam patternweighted integration over aspect angle.
[13] Finally, as the basis for the rocket-radar backscatter comparison in the next sections, we define the effective volume scattering coefficient as
where V s = A ? d is the radar scattering volume, the volume of the plasma inside a radar's range gate, and d is the thickness of the scattering region. This definition is necessary because h(k) is strongly aspect sensitive with respect to the magnetic field and the backscatter to the radar will be a weighted average of h over a range of aspect angles. Therefore, combining (8) and (9),
[14] At this point, the reader may be wondering why we use V s = A ? d in place of the scattering volume for RAX. We do so, so that we can compare s v derived from Homer radar measurements to s v derived from rocket measurements for (7)) corresponding to the radar-radar k spectrum (equation (2)).
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Electric Field and Electron Density Power Spectra
[15] Computing equation (9) from the rocket power spectrum requires that we determine the density spectrum hjdn(k ? )j 2 i first. According to the linear theory (equation 4.39 of Kelley [1989] ), the electron density fluctuation dn is related to the electric field fluctuation dE x as
where v e,i are the electron and ion collision frequencies; W e,i are the electron and ion gyrofrequencies; E z0 is the convection electric field; Y 0 = v e v i /W e W i .
[16] Using (11), the density spectrum can be obtained from the electric field spectrum as
In the following, we first obtain hjdE(k)j 2 i from rocket measurements and use E z0 = 40 mV/m, v e = 10000 s
À1
, v i = 2500 s
, and T e = 800 K to get hjdn(k)j 2 i. The collision frequencies are representative of the altitude of 105 km; E z0 value is what was measured during the ROSE F4 rocket (see below); T e value reflects the approximately linear increase Figure 5 . Auroral E region electric field power spectra from ROSE F4 rocket data (after normalization).
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[17] To evaluate the electric field power spectrum at the 47-cm scale is tricky if the electric field antenna is more than twice this scale. This is the case for the auroral rocket measurements with several-meter antennas [e.g., Pfaff et al., 1985] . We are first going to use the auroral rocket spectral data representing decimeter and larger scales from the Rocket and Scatter Experiments (ROSE) campaign [Rose, 1992] and then use a simple spectral model representing previous rocket observations with meter and longer antennas.
[18] The KUSO electric field probe on the ROSE F4 rocket was a 0.23 m diameter sphere with the surface segmented into electrically isolated regions. The electric field measurements were made by measuring the voltage difference between opposing surfaces. Because the effective antenna size (<0.23 m) is shorter than the Bragg scale (0.47 m), the antenna filtering is not significant.
[19] Figure 5 shows the normalized two-dimensional electric field power spectrum f(k ? ) for the ROSE F4 rocket. The plots are for four different altitudes in the auroral E region. At the time of the F4 flight, the E Â B drift was %800 m/s. Considering that the waves propagate at the ionacoustic velocity (%500 m/s) in the direction of the E Â B drift and considering the rocket velocity reported in the study by Rose [1992] , we estimated that the irregularities move at %600 m/s in the rocket frame. Then, the frequency axis is converted to the k axis as k = 2pf/600 m
À1
. Lastly, Figure 6 . Auroral E region electron density power spectra from ROSE F4 rocket electric field data and equation (12) (after normalization). the spectra were normalized so that the two-dimensional integral over k ? is equal to unity (see equation (6)).
[20] Figure 6 shows the normalized two-dimensional density spectrum constructed using the data in Figure 5 and the equation (12).
[21] We now develop a simple model of k spectrum representing the measurements made by meter-scale rocket antennas. Figure 5 of Pfaff et al. [1985] shows that most of the energy of the rocket electric field spectrum in the auroral E region is located at the meter scales and the spectrum evolves into white for smaller scales. However, since the spectra at the sub-meter scales are suppressed, we cannot evaluate these spectra for the 47 cm wavelength. Instead, we will represent the meter-scale antenna measurements with a simple spectrum that is flat between k = 1 m À1 and k = 15 m À1 and zero elsewhere, as shown in Figure 7 .
Comparison of Backscatter Strength
[22] To compare the radar and rocket-based estimates of s v , we use the Homer radar geometry, which is monostatic with R = 800 km, and a scattering layer thickness (V s /A ? ) of 10 km (these are what Moorcroft [1987] used for the Homer radar). However, the Bragg wave number will be that of the PFISR-RAX bistatic radar (0.47 m).
[23] Assuming 3% density fluctuations, 3 Â 10 11 m À3 mean electron density, and an isotropic k spectrum in the plane perpendicular to B, we obtain s v (from equation (9)) as shown in Table 2 . Note that s v from the normalized radar spectrum is obtained by using the normalized k À2.25 form, which is equation (7), and the assumed density fluctuation (3%) in the expression (10). The assumed 3 Â 10 11 m À3 mean electron density is in the range of electron density, %1-4 Â 10 11 m À3 , measured by the European Incoherent Scatter Radar (EISCAT) between the altitudes of 100 -110 km during the four rocket flights of the ROSE campaign [Kohl et al., 1992] . In addition, the assumed 3% electron density fluctuation is in the range of 2 -4%, as measured by the ROSE rockets for the same altitude range [Schlegel, 1992] .
[24] Table 2 shows that the effective volume scattering coefficients from a simple flat spectral model and the ROSE rocket k spectrum data from the KUSO probe and from the normalized radar spectrum match within 5.7 dB. The s v max from the original radar spectrum is 24.8 dB higher than the highest rocket-based s v . As the right two columns of Table 2 show, the corresponding RAX P r and SNR will differ by the same factors. In all cases, the rocket-and model-based P r is within the statistical range of the radarbased power distribution shown in Figure 3 . Note that the peak of the distribution (displayed by the solid line) is located at $ À110 dBm.
[25] It is known that the k spectrum is not isotropic in the plane perpendicular to the magnetic field, but it is stronger in the EÂ B direction. This has been observed during the JOULE I joint rocket and radar campaign [Bahcivan et al., 2005] , by both set of auroral rockets [Pfaff et al., 1985; Rose, 1992] , and at the magnetic equator [Pfaff et al., 1987] . The Moorcroft formula is assumed to be for primary irregularities (in the E Â B direction). Our calculation from in situ rocket spectra is for an isotropic k ? spectrum, and therefore will underestimate the scattering intensity.
[26] A final note is that radar soundings of plasma irregularities are random, and therefore, a large number of echoes must be received to statistically determine the scattering amplitudes. We have determined that the scattering aspect angle change due to the satellite motion is $0.15°-0.30°/s near the loci of perpendicular scattering. This means, for an interpulse period (IPP) of 10 ms, 100 pulses can be transmitted for each 0.3°wide aspect angle bin. Considering that the maximum Doppler width of the E region irregularities were observed to be a few 100 m/s [Bahcivan et al., 2005] , the correlation time of the irregularities are less than 1 ms at the Bragg wavelength of 0.47 m. Therefore the 100 pulses are uncorrelated and the statistical uncertainty of the wave amplitudes will be 10%. Furthermore, the aspect angle distribution within the PFISR beam width for an E region range gate (3 km long) is about 0.5°w ide. Considering that the aspect angle widths of auroral echoes will be 1°or larger and excluding radar sidelobe effects, the PFISR-RAX system with a 10 ms IPP should resolve the auroral E region irregularities with 0.5°angular resolution and 10% uncertainty. We do realize that the large dynamic range of auroral echoes and their strong aspect À82.5 40.1 max sensitivity will present a challenge to achieving the 0.5°a ngular resolution. Nevertheless, we anticipate that this resolution can be achieved by an advanced analysis involving the deconvolution of the PFISR beam pattern by combining the satellite measurements made at consecutive points along the orbit. A manuscript on this technique is in preparation.
[27] In conclusion, both the radar-and rocket-based SNR show that the RAX satellite will be sensitive to the coherently scattered PFISR radar signals from field-aligned auroral electrojet irregularities. Because PFISR can measure the plasma density and the electric field E in the scattering volume effectively simultaneously, the amplitude of the waves at the radar Bragg scale as a function of E can be determined. Furthermore, simultaneous measurements of plasma temperatures by PFISR can elucidate the plasma wave heating [Bahcivan, 2007] as a function of E and wave amplitudes.
